The ascomycete Zymoseptoria tritici is the causal agent of septoria leaf blotch on wheat. 15
Introduction 28
Wheat is the most widely grown crop in the world. It is subject to several diseases, principally 29 due to fungal pests. Its major disease in Europe and North-America is septoria leaf blotch 30 (SLB) caused by Zymoseptoria tritici (formerly Mycosphaerella graminicola) (Fones & Gurr, 31 2015, Torriani et al., 2015) . The disease pressure of SLB depends on epidemical and 32 environmental factors (Suffert et al., 2011) and can be reduced by adapted agronomical 33 practices (e.g., crop rotation) and intelligent use of less susceptible varieties (Brown et al., 34 2015) . Finally, SLB prevention strongly relies on the application of fungicides, namely 35 inhibitors of sterol demethylation (DMIs, including azoles), inhibitors of mitochondrial 36 complex II (SDHIs) and the multisite inhibitor chlorothalonil. According to disease pressure, 37 spray programs targeting SLB range from one (Southern Europe) to four (Ireland and UK) 38 sprays and around two treatments/year in France. The first treatment generally includes 39 mixtures of azoles and chlorothalonil. The second spray aims to protect the key stage when 40 the first leaf is emerging. Mixtures of azoles and SDHIs are often applied. 41 Z. tritici populations have developed resistance to all unisite fungicides, but to different 42 extends. Azole resistance is generalized in Europe since the 1990s and now affects field 43 efficacy of the molecules, but SDHI resistance has just emerged and does not entail yet the 44 efficacy of this mode of action (Lucas et al., 2015) . Resistance is principally due to target site 45 modification or overexpression (Cools & Fraaije, 2013 , Fraaije et al., 2011 , Leroux & 46 Walker, 2011 . 47
Multi drug resistance (MDR) operating through increased drug efflux is a resistance 48 mechanism recently detected in some field isolates of Z. tritici. Since it is associated to azole 49 target site resistance, it confers high resistance factors to this class of inhibitors, whereas only 50 low resistance levels towards SDHIs are recorded (Leroux & Walker, 2011) . 51
In a recent study we have shown that fungicide efflux was at work in two Z. tritici MDR field 76 isolates (Omrane et al., 2015) . Both strains, as well as other MDR strains tested, 77 constitutively overexpress the gene MFS1 (originally named MgMFS1 for Mycosphaerella 78 graminicola MFS1) encoding an MFS transporter, capable to transport a wide diversity of 79 molecules (Roohparvar et al., 2008) . Its inactivation in one MDR strain abolished the MDR 80 phenotype revealing that the MFS1 protein is necessary for the MDR phenotype at least in 81 this strain. In both analyzed MDR strains, a 519 bp insert was detected in the MFS1 promoter, 82 a putative reminiscence of an ancient LTR-retrotransposon. Other, but not all field MDR 83 strains, proved to have this promoter insert as well, suggesting a potential role in MDR 84 (Omrane et al., 2015) . In this study we address the question of the mutations responsible for 85 the MDR phenotype in the previously characterized MDR strains. 86 87 We used Bulk Segregant Analysis (BSA) in order to map mutations responsible for MDR in Z. 88 tritici. BSA is a genotyping method adapted to monogenic traits (Michelmore et al., 1991) . It 89 is based on the establishment of two phenotypically dissimilar pools derived from an 90 offspring population. These pools are genotyped and markers linked to the phenotype 91 according to their allelic frequencies are selected to determine the locus of interest. With the 92 rise of Next Generation Sequencing (NGS), statistical tools have been developed for BSA 93 phenotyping to uncover QTLs (Magwene et al., 2011 , Duitama et al., 2014 and others (Liu et 94 al., 2012) . BSA has been applied to identify genomic loci contributing to natural 95 polymorphism (Leeuwen et al., 2012) or mutant phenotypes (Duveau et al., 2014) . In fungi 96 the combination of BSA, was successfully used to identify mutations responsible for cell 97 cycle and developmental processes respectively in Neurospora crassa (Pomraning et al., 98 2011) and Sordaria macrospora (Nowrousian et al., 2012) . Due to its haploid, characterized 99 and annotated genome (Goodwin et al., 2011) and the possibility to perform sexual crosses 100 between different strains (Kema et al., 1996) , Z. tritici is suitable to BSA to map the 101 mutation(s) responsible for the MDR phenotypes. 102
In this work we mapped the mutation responsible for the MDR phenotype in the two 103 previously characterized field strains using BSA. After functional validation of the 104 responsible mutation, the 519 bp promoter insert of the MFS1 gene, we screened Z. tritici 105 field strains for the MFS1 promoter genotype. Interestingly two other inserts were identified 106 in the same promoter only in Z. tritici MDR field strains overexpressing MFS1. 107 108 
Materials & Methods

109
Z. tritici strains and growth conditions 117
All Z. tritici field strains used in this study are listed in Table 1. As sensitive reference strains,  118 we used IPO323 and IPO94269 displaying MAT1-1 and MAT1-2 genotypes respectively 119 (Waalwijk et al., 2002) , and sensitive to all tested fungicides (Roohparvar et al., 2007 and our 120 unpublished results). As principal MDR strains we used 09-ASA-3apz and 09-CB01 (Omrane 121 et al., 2015 , Leroux & Walker, 2011 . Strains produced in this study are described below. All 122 strains (if not otherwise indicated) were cultivated on solid YPD medium (20 g L -1 123 Bacteriological peptone, 10 g L -1 Yeast extract, 20 g L -1 Glucose, 15 g L -1 agar) during 7 days 124 at 17°C in the dark. The sequence of IPO323 is publically available (Goodwin et al., 2011) , 125 that of IPO94269 was kindly provided by Syngenta AG for mapping analysis. 126
To determine EC 50 values to prothioconazole-desthio, tebuconazole, metconazole, tolnaftate, 127 terbinafine and pyrifenox, conidia were collected from 3 day-old cultures on NY medium in 128 sterile water and adjusted to a final concentration of approximately 2x10 5 conidia mL -1 . 300 129 µL of each solution was spread on test plates containing solid phosphate-glucose medium (2 g 130 L -1 K 2 HPO 4 ; 2 g L -1 KH 2 PO 4 ; 10 g L -1 glucose, 12.5 g L -1 ) with 5 fold serial dilutions (2.5 fold) 131 of prothioconazole-desthio (Sigma-Aldrich, Saint Quentin Fallavier, France) tebuconazole 132 (technical grade, BayerCropScience, Germany), metconazole (technical grade, BASF Agro, 133 Germany), tolnaftate (Sigma-Aldrich), terbinafine (technical grade, Sandoz, Switzerland) and 134 pyrifenox (technical grade, Syngenta Agro, Switzerland) as described by (Leroux & Walker, 135 2011) . All fungicides were supplied as 250x concentrated ethanol-solutions. Test and control 136 plates were incubated at 17°C in the dark for 48 h. The length of germ-tube was estimated 137 microscopically on 10-30 spores per plate. The EC 50 value of each tested fungicide 138 corresponding to the concentration inhibiting spore germination by 50% was determined by 139 non-linear regression (least squared curve fitting) using the GraphPad PRISM program, 140 (GraphPad software, La Jolla, CA, USA). 141
Crosses and progeny phenotyping 142
Crosses 1 (09-ASA-3apz x 09-CB1), 2 (09-ASA-3apz x IPO94269) and 3 (09-CB1 x IPO323) 143 were performed as described previously (Kema et al., 1996) . Single spore progenies were 144 isolated from ascii. A set of 20 progeny strains from each cross were checked by genotyping 145 of 11 SSRs on the core chromosomes (Gautier et al., 2014) in comparison to their parents to 146 validate the absence of external contaminants prior to all subsequent analyses. The whole 147 offspring was genotyped using a set of eight SSRs. Only strains presenting single bands were 148 conserved. 149
Sensitivity tests to distinguish MDR from sensitive offspring were performed in solid as well 150 as in liquid YPD medium with the addition of tolnaftate (2 µg mL -1 , 5 µg mL -1 or 10 µg mL -1 ). 151
All strains were grown on solid YPD for one week (18°C; continuous light) and transferred 152 by toothpicks to a 96-well microtiter-plate into 200 µL sterile water. 10 µL of 1/100 dilutions 153 was spotted on 96 microtiter plates filled with YPD (liquid) with and without tolnaftate. The 154 plates were incubated on a rotary shaker at 18°C during 11 days. Scoring of growth was made 155 by O.D. measurement (λ= 590 and 620 nm) at 3, 6 and 11 days. Growth rates at days 6 and 11 156 were calculated relative to day 3 and as a ratio of treated vs. untreated conditions. The whole 157 assessment procedure was repeated three times. 158 159
Progeny bulk preparation 160
Resistant (MDR phenotypes) and sensitive sets (sensitive phenotypes) of strains were selected 161 on the basis of the phenotyping described above among those that grew or not on 5 µg mL -1 of 162 tolnaftate to build bulks for each of the progenies (crosses 2 and 3) before nucleic acid 163 extraction. The number of strains for the DNA bulks was respectively n = 60 for R2 and S2 164 (resistant and sensitive bulks, respectively from cross 2), n = 50 for R3 and S3 (resistant and 165 sensitive bulks, respectively from cross 3). The phenotype of all selected strains was verified 166 on tolnaftate (5 µg mL -1 ) by growth tests on solid and liquid medium. Additionally, liquid 167 growth tests were performed with or without the addition of reversal agents namely 168 amitriptyline, chlorpromazine and verapamil (Sigma-Aldrich) at a 1:3 ratio (5 µg mL -169 1 tolnaftate, 15 µg mL -1 reversal agents). (Table S1 ). These were mapped respectively on reference genome sequences of the 184 sensitive parental strains IPO94269 (reads from 09-ASA-3apz and R2, S2 bulks) or IPO323 185 (09-CB1 and R3, S3 bulks) by the sequencing provider, using Bwa 0.6.1 (Li & Durbin, 2009) (Table S2) . No promoter insert lead to a 486 bp amplicon while the insert increased the 210 amplicon size to 1005 bp. 211 212 NFX1, PYC polymorphism 213
The genotypes of the NFX1 and PYC genes located at both ends of contig 1135 of the 214 IPO94269 genome sequence were determined on the progeny strains by HRM in comparison 215 to the parental strains. The primer couples NFX1_11422FW / NFX1_11422RV and 216 PYC_5UTR_FW / PYC_5UTR_RV (Table S2) showing close to 100% amplification 217 efficiency on serial DNA dilutions of the parental strains were used for HRM comparisons 218 under the following conditions. In a total volume of 25 µL, 5 ng of genomic DNA was 219 analyzed with 300 nM of both primers using SsoFast™ Evagreen® Supermix (Bio Rad, 220
Marnes-la-Coquette) at 1x. The cycling parameters were 98°C for 2 min followed by 40 221 cycles of 98°C for 2 sec and 60°C for 5 sec. The high resolution melt curve was established 222 between 70°C and 95°C with 0.2°C increments every 10 sec in a CFX-384 Real-Time PCR 223 System (Bio Rad). Melting curve normalization and differentiation was performed using 224 Precision Melt Analysis Software (Bio Rad). 225
226
MFS1 expression analysis 227
For MFS1 expression during exponential growth, the tested strains (field strains, offspring, 228 transformants) were grown in liquid YPD (5 mL) at 18°C and 140 rpm during 48-72 h. The 229 cell concentration was determined microscopically with a hematocytometer and diluted in 100 230 mL of YPD to a final concentration of 5x10 4 cells/mL and incubated for 48 h at 18°C, 140 231 rpm to a final cell concentration of 5x10 6 cells/mL. The cultures were harvested by 232 centrifugation (6500 rpm, 4°C during 20 min), the pellet immediately frozen in liquid 233 nitrogen and freeze-dried. 234
Total RNA was extracted from the freeze-dried mycelium using the RNeasy Plant Mini kit 235 (Qiagen) according to the supplied instructions. Quality of the RNA was checked by 236 electrophoresis, the concentration determined spectrophotometrically (NanoDrop™, 237 ThermoScientific™). 1 µg of total RNA was used for cDNA synthesis using the 238 PrimeScript™ RT Reagent Kit with gDNA Eraser (Takara). cDNAs were diluted 5 times 239 before qPCR analysis with MESA GREEN qPCR MasterMix Plus for SYBR ® Assay 240 (Eurogentec, Angers, France). The MFS1 amplicon was obtained with primers 110044_Fw 241 and 110044_RV which had been verified by standard curves for amplification efficiencies 242 ranging from 95% to 105 % and for the absence of non-specific amplicons. Relative 243 expression levels were determined according to using the 2 -∆C(t) and the bestkeeper method 244 (Pfaffl et al., 2004) with EF1α, β-tubulin and UBC1 as control genes to establish the most 245 stable value of housekeeping gene expression among all experimental conditions. Means and 246 standard deviations were calculated from two technical replicates of two biological replicates. 247
All primer sequences are listed in Table S2 . 248
249
MFS1 gene replacement constructs 250
To introduce the various MFS1 MDR alleles into the sensitive IPO323 strain, the following 251 Miniprep Kit (Aigma-Aldrich, Saint-Quentin Fallavier, France). Z4_110044_FW and 281 Z4_110044_RV primers (Table S2 ) were used to PCR amplify the MFS1 promoter in order to 282 distinguish transformants devoid of the insert (700 bp amplicon) from those with the insert 283 (1200 bp amplicon) and from ectopic integrations (700 bp with additional amplicon). 16 and 284 10 transformants respectively out of 50 (20-32%) had the MFS1 MDR allele integrated at the 285 MFS1 locus of IPO323. 286
Fungicide sensitivity assays of selected transformants 287
All validated transformants were tested for their sensitivity to various fungicides on solid 288 YPD medium supplemented with tolnaftate (2 µg mL -1 ), terbinafine (0.015 µg mL -1 ), 289 prochloraz (0.05 µg mL -1 ), metconazole (0.02 µg mL -1 ), boscalid (2 µg mL -1 ), bixafen (0.5 µg 290 mL -1 ) and azoxystrobin (20 µg mL -1 ). All fungicides were supplied as 1000x concentrated 291 ethanol-solutions. Strains were precultered in 5 mL of liquid YPD medium during 3 days at 292 18°C and 140 rpm. After OD 600 measurement, all cultures were adjusted with fresh YPD 293 medium to the lowest measured OD. Three sequential 10-fold dilutions were prepared from 294 all adjusted precultures. 3 µL of precultures and dilutions were spotted on each fungicide 295 assay and control plate and incubated at 17°C in the dark during 5 days. 296 297 298
Results
299
I. Genetic mapping of mdr loci in two MDR field strains 300
To check whether MDR phenotypes described in (Leroux & Walker, 2011) are driven by 301 allelic mutations, we performed a cross between strains 09-ASA-3apz and 09-CB1. Rapid 302 discrimination of MDR strains from sensitive ones consists in a growth test using fungicides 303 that are not used in agriculture such as tolnaftate and terbinafine , both 304 squalene epoxidase inhibitors, typically used against human fungal infections (Barrett-Bee et 305 al., 1986, Georgopapadakou & Bertasso, 1992) . A progeny of 140 strains was analyzed on 306 tolnaftate. Growth tests did not reveal any sensitive isolate ( Table 2 ), suggesting that the two 307 parental mdr mutations are closely linked on the same chromosome, in a common genomic 308 region. 309 Table 2 : Crosses used in this study. Progeny segregation into sensitive or MDR is based on 310 sensitivity/resistance to tolnaftate 2 µg mL -1 . 311
Both MDR strains were then crossed to the sequenced sensitive strains IPO94269 and IPO323, 312 respectively. These two crosses were essential to map the mdr loci. We isolated and 313 phenotyped 297 and 208 progeny strains respectively. Crosses 2 and 3 generated respectively 314 50% and 47 % MDR progeny strains (Table 2 ). In both cases the ratio MDR vs. sensitive 315 strains was in agreement with a single mutation responsible for the MDR phenotype. 316
However, we need to underline that the selection of progeny strains was not completely 317 unbiased after the elimination of mixtures among progeny strains. Therefore, statistical tests 318 cannot be applied to offspring segregation. 319 To map both mdr mutations, we decided to perform a bulk-progeny sequencing approach 320 (BSA) as developed for different phenotypes in other fungal species (Nowrousian et al., 2012 , 321 Pomraning et al., 2011 . MDR and sensitive progeny strains were selected on the basis of 322 maximal phenotypic dissimilarities by growth tests in medium supplemented with tolnaftate 323 and the membrane transporter inhibitor, verapamil to constitute resistant (R) or sensitive (S) 324 bulks. We adjusted the number of progeny strains per bulk to n=50 (cross 3 09-CB1 x 325 IPO323) and n=60 (cross 2 09-ASA-3apz x IPO94629). In order to map the mdr mutations, 326 we adopted a 3-step protocol (Fig.1) (more than 180000) and density for both data sets (Table S1 ). SNP and INDEL frequencies 345 relative to each reference sequence were calculated and reported as GQ-value between 0 and 346 1 (100%). We assumed that the GQ value of the region surrounding the mdr mutations would 347 tend towards 1 in the resistant bulks, whereas the GQ values at the same sites would approach 348 0 in the sensitive bulks. By applying the thresholds GQ ≥ 0.5 to the resistant and GQ ≤ 0.5 to 349 the sensitive bulks and considering as relevant only sites with a maximum difference between 350 both bulks (GQ R -GQ S =D value ≥ 0.4) we were able to reduce the bin size around the 351 distortion to several kilobases (Fig. 2B ) located on the left arm of chromosome 7 of IPO323. 352
In the 09-CB1 x IPO323 data set, this region showed the highest distortion, decreasing from 353 the telomere to the centromere (Fig. 2B) . The strategy was merely the same in the 09-ASA-354 3apz x IPO94269 dataset except for the use of unassembled contigs. 13 contigs out of 56 with 355 D values > 0.4 co-localized on the left arm of chromosome 7 as well ( Fig 2B) , out of which 356 contig 1135 had the highest number of polymorphic sites with the highest D values. We 357 therefore focused our subsequent analysis on the region of chromosome 7 covered by this 358 contig (from position 8 to 47 kb in Fig 2C) . Reporting all SNPs and INDELS of the resistant 359 bulks R2 and R3 present in this bin on the local alignment between contig 1135 and the 360 IPO323 very left arm of chromosome 7, we identified three kinds of polymorphic sites: those 361 common to both MDR strains and those independent to each of them (Table S3 ). The highest 362 detected D values were respectively recorded in the CYP52 gene (R2&R3; D value = 0.72; 363 synonymous substitution), in the pyruvate carboxylate gene PYC (R2; D value = 0.738; 364 intron) and the manganese-iron superoxide gene Mn-SOD (R3; D value = 0.736; 5'UTR). 365
Intriguingly, this region also covers the transporter gene MFS1, whose involvement in drug 366 efflux and MDR was shown before (Roohparvar et al., 2007 , Omrane et al., 2015 . This gene 367 is located between the above-mentioned polymorphic sites. In particular, the genes 368 immediately surrounding MFS1, STK and PYC, harbored many polymorphic sites that co-369 segregated with the MDR phenotype, while the 5'UTR and 3'UTR of the MgMFS1 gene 370 appeared structurally highly dissimilar in the 09-ASA-3apz and 09-CB1 backgrounds from 371 both reference sequences as stated by the dramatic decrease of mapped reads (data not 372 shown). Indeed, we had previously found that both strains harbor a 519 bp insert in the MFS1 373 promoter region (Omrane et al., 2015) . 374
Altogether, this BSA revealed for both MDR strains a region of 39 kb on chromosome 7 375 whose polymorphism strongly co-segregated with the MDR phenotypes. Since the cross 376 between both MDR strains indicated that the responsible mutations are allelic or closely 377 linked, the identification of this common region from both independent BSA experiments is in 378 favor of its involvement in the MDR phenotype. 379
In order to precisely map the mdr mutation on the 39 kb fragment of 09-CB1, we analyzed the 380 alleles of the marker genes at each extremity of the region by HRM, as well as the MFS1 381 promoter genotype by PCR in all progeny strains derived from the cross between 09-CB1 and 382 IPO323. Table 3 shows that only the MFS1 promoter genotype of the MDR parental strain 383 strictly co-segregated with the MDR phenotype. A 100% co-segregation between the MFS1 384 promoter allele and the MDR phenotype was also observed for all 297 progeny strains derived 385 from cross 2 between 09-ASA-3apz and IPO94269. 386 
Functional validation of the identified mdr mutation (MFS1 insert) 398
In order to validate the involvement of the 519 bp promoter insert in the MDR phenotype, we 399 proceeded through the replacement of the MFS1 WT allele by the MFS1 MDR allele in the 400 sensitive reference strain IPO323 ( Fig. 4 A, B) . After selection and isolation on hygromycine, 401 transformants were screened by PCR analysis with primers Z4_110044_FW and 402 Z4_110044_RV (Table S2 ) flanking the promoter insert ( Fig. 4 A, B) , to discriminate those 403 obtained by integration of the replacement construct at the MFS1 locus from those with 404 ectopic integration, as latter showed more than one amplicon. Moreover, this PCR 405 distinguished between integration events of type a and type b, i.e., type a integration lead to 406 the promoter insert, while type b integration did not (Fig. 4A) . replicates, three or more in the case of the field strains. Transformants are indicated by the hashtag symbol (#).
428
The letters in the brackets refer to the recombination event of Fig. 4 . Type a recombination leads to the promoter 429 insert of 519 bp and the MDR phenotype, while type b recombination event does not.
431
We may thus conclude that the 519 bp LTR insert in the MFS1 promoter leads to its 432 overexpression and consequently to an MDR phenotype. 433
II. MFS1 promoter and expression analysis in Z. tritici field isolates 434
In a population survey we tested if the MFS1 promoter insert was present in all field isolates 435 phenotyped as MDR, applying PCR with the primer pair MFS1_2F / MFS1_4R (Table S2) . 436
No insert was detected in non-MDR strains. In 35 genotyped MDR strains however, we 437 obtained three different amplicons of 1000, 850 or 650 bp respectively, corresponding to three 438 different inserts, designated type I, II or type III inserts. The 519 bp LTR insert (type I) was 439 the most frequent insert, detected since 2009; type II insert was detected in 25% of the strains 440 and present since 2012; type III insert was detected in only two strains from 2015 (Garnault et  441 al., unpublished). 442
We determined the EC50 values on selected DMIs, terbinafine and tolnaftate for field strains 443 representative each type of insert (n=7/type I; n=5/type II; n=2/type III). Resistance factors of 444 the three genotypes to tolnaftate and terbinafine (unlinked to any specific resistance and not 445 affected by the CYP51 alleles), listed in Table 4 , reveal similar phenotypes for strains with 446 type I and II inserts, while the resistance factor conferred to by the type III insert seems 447 weaker. 448 449 The MFS1 transporter gene was found overexpressed also in the field strains with inserts of 456 type II and type III (Fig. 6) , although eventually at lower levels as compared to strains with 457 insert of type I. 
460
MFS1 expression was measured by qRT-PCR relative to three reference genes (ß-tubulin, eF1a, actin) in three 461 technical replicates.
463
Sequence of the MFS1 promoter in Z. tritici MDR field isolates 464
We have sequenced the region 500 bp upstream of the MFS1 start codon in 26 MDR field 465 isolates (Genbank accessions MF623010-MF623033; Fig. S1 ). This region covers the three 466 types of inserts that localize in a region between 200 and 500 bp upstream of the start codon 467 (Fig. 7D) . The integration sites all displayed short repeated sequences (5 -10 bp). Type II 468 insert was found in two lengths, 369 bp (type IIa) and in a 30 bp shorter version (type IIb), but 469 otherwise 87% identical. Type III inserts were identical between both strains, 149 bp in length. 470
As mentioned earlier, the type I insert corresponds to the 519 bp LTR sequence of a 471
Ty1/Copia retrotransposon localized on chromosome 18 (Omrane et al., 2015) in the 472 sequenced strain IPO323 and annotated as still active , Goodwin et al., 473 2011 . 474
We also screened the sequence of the type II insert against available Z. tritici sequences by 475 blastn-searches (Altschul et al., 1997) . The query sequence got multiple hits against the IPO 476 323 sequence (51 hits with >95% identity over >200 bp), had three matches on the genome 477 sequence of JGIBBWB-9N22 and was found 99% identical to the insert found upstream of 478 CYP51 in some Z. tritici DMI resistant isolates, in particular in strain 09-ASA-3apz (Omrane 479 et al., 2015) . These results indicate that the type II insert may be a repeated element of the Z. 480 tritici genome or part of it. 481
Searching the sequence of type III insert against the IPO323 genome sequence also gave five 482 hits with >86% identity over more than 110 bp with not annotated nucleotide sequences. 483 Since type I insert drives constitutive overexpression of the MFS1 gene, we suspected this 491 element to contain upstream activating sequences (UAS). UAS may act to recruit 492 transcription activators or co-activators increasing the affinity of the general transcription 493 machinery or through opening the chromatin structure (reviewed in Hahn & Young, 2011) 494 leading to higher transcription levels. Within the 519 bp insert sequence, we searched for 495 known transcription factor binding sites of the TRANSFAC database (Fogel et al., 2005) as 496 well as for larger tandem repeats or palindromic repeats using mreps (Kolpakov et al., 2003) . 497
As highlighted in Fig. 7A , we identified four successive consensus sequences of the MCB 498 element (ACGCGT), separated by 13-15 bp respectively in a region 569 to 503 bp upstream 499 of the start codon. This region also overlaps a tandem repeat of 21 bp (-582 to -541). The 500 MCB element (MluI cell cycle box, also termed MBP element) is a hexamer sequence 501 regulating the expression of genes involved in G1-phase transition, firstly identified in S. 502 cerevisiae . The number of MCB repeats correlates with the expression 503 level (Verma et al., 1992) . As MCB elements are well conserved in the promoters of G1-504 phase genes among fungal species (Gasch et al., 2004) , one may suspect that the four 505 elements present in the type I insert drive MFS1 expression in strains harboring this insert. 506
The same strategy was applied to identify putative UAS in type II and type III inserts. A 507 search against all available consensus site sequences of the TRANSFAC databases lead to 508 multiple hits of more or less randomly distributed sequences (not shown). We therefore 509 limited our search to hexamers and longer sequences, especially those present as direct or 510 inversed repeats. While in the shortest insert (type III) no repeated sequence above this 511 threshold was identified, type II insert harbors different potential regulatory elements as 512 highlighted in Fig. 7B . In a region comprised between -822 and -792 we found four direct 513 repeats of the HNF3 (Rattus norvegicus) motif (Cirillo et al., 2002 , Johnson et al., 1995 . The 514
hexamer TTAGGG corresponding to the S. cerevisiae TBF1 element (Brigati et al., 1993) 515 was present at position -687. In addition a 30 bp sequence was repeated 2.4 times in a region 516 between -608 and -549, suggesting that also the type II insert may activate the transcription of 517 the downstream MFS1 gene. 518
The original MFS1 promoter of the sensitive IPO323 strain was analyzed for potential 519 regulatory sequences as described above. Among repeated highly conserved consensus 520 sequences, we identified four repeats of the Aspergillus nidulans AbaA binding site CATTCC 521 as a promoter deletion-insertion event; the insert being a retro-element like gene fragment 551 (Kretschmer et al., 2009) . 552
In our previous study, we identified MFS1 as a major player in Z. tritici multidrug resistance 553 (Omrane et al., 2015) and had found a retro-transposon relic as an insert in the MFS1 554 promoter. In this study we used an unbiased approach by classical and high throughput 555
genetics to identify the MDR-responsible mutations. 556
We discovered that the mdr mutations of both analyzed strains are identical, although their 557 MDR phenotypes differ slightly (Leroux & Walker, 2011) , and their drug efflux is affected 558 differently by chemical modulators (Omrane et al., 2015) . Therefore one may suspect 559 additional mutations explaining such differences. The observed segregation between sensitive 560 vs. MDR strains among the progeny was close to the ratio of 1:1, but the selection of 561 offspring was not completely random. A potential bias can have its origin in the analyzed 562 progeny, as we eliminated 25% of the offspring as mixtures/impure strains. In addition, the 563 phenotypic screen for the MDR phenotype may have been too stringent to identify slight, 564 quantitative differences in resistance to tolnaftate that could have originated from multiple 565 quantitative mutations. 566
The present study identified three different types of inserts in the MFS1 promoter region 567 potentially involved in MFS1 overexpression and, consequently, in MDR. The most frequent 568 insert, type I, is the previously identified relic of a still active Ty1/Copia retrotransposon 569 ; the type II insert also resembles a repetitive element, as it was detected 570 at >100 instances in the Z. tritici genome sequence. Also the type III insert was found 571 repeated, but less frequently. We have shown that the LTR insert (type I) is responsible for 572 MFS1 overexpression through classical and reverse genetics. Using a similar gene 573 replacement strategy, we could also confirm the role of inserts II and III in MDR (data not 574 shown). 575
We addressed the question if the inserts drive MFS1 expression on their own or if they disrupt 576 transcription repression, through in silico analysis of the generated promoter sequences. In the 577 case of the LTR insert, it is highly probable that the insert drives MFS1 expression on its own, 578
as LTR elements harbor cis-regulatory sequences (reviewed by (Chuong et al., 2017, 579 Muszewska et al., 2011)). The MFS1-type I LTR element harbors four potential MCB 580 elements known as sequence regulating expression of G1-phase genes in S. cerevisiae (Dirick 581 et al., 1992 . As the sequence of this element was found highly conserved 582 upstream of G1-phase genes in fungi (Gasch et al., 2004) , these elements probably drive the 583 strong constitutive expression of MFS1 in type I-MDR strains. Moreover, the regulation of 584 transcription according to cell cycle progression by MCB elements may explain the strong 585 variation observed in the MFS1 expression levels in type I-MDR strains. Potential UASs were 586 also detected in the type II insert eventually driving MFS1 constitutive overexpression, while 587 the type III insert seems devoid of novel regulatory elements. In sensitive Z. tritici strains, 588 MFS1 expression is induced after fungicide challenge (Omrane et al., 2015) , while all insert 589 leads to high basal expression. These results suggest that the LTR insert drives expression on 590 its own while abolishing the induction under fungicide challenge (Omrane et al., 2015) . The 591 function of type II insert might be similar (induction instead of release of repression), while in 592 the case of type III insert, its position close to the 5' UTR and the absence of known UASs, 593
we may suspect that this element rather releases the inhibition of MFS1 transcription. To fully 594 understand the regulation of MFS1 expression, to discriminate between both hypotheses and 595 the role of the potential regulatory elements in MFS1 transcription regulation remains to be 596 established through promoter fusion experiments. In addition the transcription regulators 597 involved in MFS1 regulation in response to drug challenging remain to be identified in Z. 598
tritici. 599
Little is known about the influence of fungicide exposure on (retro-) transposon mobilization. 624
Chen and colleagues observed increased mobilization of the transposable element Mftc1 in M. 625 fructicola after in vitro exposure to sub-lethal fungicide concentrations, although not affecting 626 fungicide sensitivity (Chen et al., 2015) . 627
The question remains if the MFS1 promoter is prone to insertion events relatively more 628 frequently than other genomic loci or if this is only due to fungicide selection pressure. The 629 available and forthcoming Z. tritici whole genome sequences and associated transcriptomic 630 data will shade light on the influence of transposable elements on genome structure and global 631 gene expression , Zhong et al., 2017 , but 632 also on their evolution. Population genomics and experimental evolution may also help 633 evaluating the impact of fungicide pressure on transposon mobilization. 634 635
